We report the far-infrared through visible photoinduced absorption (PA) spectra of polyaniline in the emeraldine-base and leucoemeraldine-base forms. The direct-absorption spectrum of emeraldine base (EB) has a broad absorption centered at 2 eV (the "exciton" band) and an absorption band at -3.6 eV (the m.-~* band gap). The PA spectra of EB for pumping into the "exciton" band and across the band gap are nearly identical, indicating the same types of charged defect states are created upon photoexcitation. The direct absorption spectrum of leucoemeraldine base (LB) shows only the~-m* band-gap absorption at -3.6 eV. For pumping into this absorption band, the PA spectrum of LB is very similar to that of EB, although important differences result from the lack of quinoid structures in this material. Based on our results, we propose a model for the photocreation of defect states in leucoemeraldine base and emeraldine base. The central roles of phenyl-ring rotations and of massive polarons are discussed.
I. INTRODUCTION The study of conducting polymers has given rise to a number of important and novel concepts including the formation of defect states, such as solitons, polarons, and bipolarons, that describe many of the properties of these materials. One such conducting polymer, polyaniline, has been shown to have significantly different properties than earlier studied materials, such as polyacetylene and polythiophene. ' Many of these properties arise from the alternating ring-heteroatom backbone structure and from the wide range of forms that polyaniline can have, depending on the number of electrons and protons on the polymer backbone.
The fully reduced leucoemeraldine base [LB, or poly(paraphenylene amine)] fortn of polyaniline, shown in Fig. 1 , is an insulator whose large energy gap (Es -3.6 eV) originates predominantly from extrinsic effects involving the overlap of molecular orbitals of neighboring phenyl rings and nitrogens.
LB is isoelectronic to other phenyl-ring-containing polymers such as poly(paraphenylene sulfide) (PPS) and poly(paraphenylene oxide) (PPO), but the presence of amine ( -NH -) groups allows chemical flexibility so that other electronic states of the polymer can be obtained by removal of protons or hydrogen atoms, as well as electrons, from the polyrner. These other forms of polyaniline are determined by the fraction of imine ( -N = ) nitrogens per four-ring repeat unit, which we label l -y. Thus, LB has a l -y value of zero. The half-oxidized (1 -y =0. 5) emeraldine base [EB, or poly(paraphenylene amine imine)] form of polyaniline ( Fig. 1) is also an insulator with a large extrinsic gap (Es-3.6 eV), similar to LB. In contrast to LB and EB, the fully oxidized (1 -y =1) pernigraniline base [PNB, or poly(paraphenylene imine)] form of polyaniline, shown in Fig. 1 , has been proposed to have an energy gap (E -1.4 eV) that is intrinsic in origin ' due to the electron-phonon interaction.
The conducting emeraldine salt (ES) form of polyaniline is achieved upon protonation of EB by exposure to protonic acids or upon oxidative doping of LB. In the conducting form, polyaniline supports the formation of polarons and can be described as possessing a metallic polaron energy band, resulting from a reorganization of the electronic structure. This description is supported by a number of theoretical and experimental studies. ' ' shown that polarons can also be produced upon photoexcitation of the insulating EB polymer. The photoexcited polarons are massive (M,~, ", ")60m"where M,~" , " is the polaron mass and rn, is the electron mass) and have very long lifetimes (r) 2 h at 80 K). ' The presence of this long-lived photoinduced absorption has been suggested as a basis for erasable optical information storage technology. ' Investigations of electronic structure and defect states in polyaniline ' ' have optical absorption spectra and photoinduced-absorption spectra of the leucoemeraldine base and emeraldine base forms of polyaniline. The optical absorption spectra of LB and EB show a m-m* band-gap absorption at -3.6-3.8 eV, with an additional broad "excitation" absorption at 2 eV in EB. The infrared spectra are interpreted in terms of normal modes of para-disubstituted benzene. These optical and infrared absorption spectra are also used to determine the oxidation state of the polymer.
The photoinduced-absorption spectra of EB in the infrared and visible regions for pumping into the m-m transition at 3.8 eV is reported and compared to previously reported data for pumping near 2.5 eV into the "exciton" band. The similarity of the data for these two pumping energies indicates that the same types of defect states are created upon photoexcitation. We also report PA spectra of LB for pumping across the n m* band gap (at 3. 
III. EXPERIMENTAL RESULTS

A. Direct absorption experiment
The uv/visible/near-ir direct absorption spectra of leucoemeraldine base and emeraldine base in solutions of NMP are shown in Fig. 2 . The spectrum for LB reveals a strong absorption band centered at -3. 6 eV. Thin-film data show this band close to -3. 8 eV. In EB, the spec- Energy (eV) trum shows a very similar absorption band centered at -3. 8 eV with an additional strong absorption centered at -2.0 eV. We note that though the spectrum of LB shows very little absorption below the 3.6-eV peak, there is a small residual absorption near 2 eV.
The infrared absorption spectra of powder samples of LB and EB in pressed KBr pellets are shown in Fig. 3 chopper-frequency dependence of the PA spectra of EB for Ep p 2. 5 eV has been reported earlier. ' The near-steady-state PA spectra of leucoemeraldine base are shown in Fig Energy (cm ') duced IRAV modes are shown more clearly in Fig. 11 Fig. 10 , despite the presence of the 0.75-eV peak, even through its spectral intensity is weaker (and, consequently, noisier) . Figure 13 A. Direct absorption
The strong peak at -3.6 eV in the uv/visible/near-ir absorption spectrum of leucoemeraldine base, shown in Fig. 2 The infrared spectrum of LB, shown in Fig. 3 , can be described in terms of normal modes of para-disubstituted benzene, while the ir spectrum of EB includes additional modes associated with symmetry breaking of the benzenoids due to the presence of quinoid groups. ' ' The vibrational mode at 816 crn in LB is assigned as a b3"
C -H out-of-plane deformation of the benzenoid groups. The similarity of the near-steady-state photoinducedabsorption spectra of EB for 2.54-and 3.8-eV pumping (Fig. 4) and of the long time photoinduced-absorption spectra of EB for 2.0-, 2.54-, and 3.8-eV pumping (Figs. 10 and 11) suggests that the same types of photoinduced defect states are created for all of these pump energies. The near-steady-state PA features in EB at 1.4 and 3.0 eV have been previously assigned to the formation of positive polarons I'+, ' while the origin of the lower PA peak at 0.9 eV has been unclear to this point. The PB peak at 3.7 eV is due to bleaching of the interband (m.-m') transition due to formation of polarons.
The PB peak at 1.9 eV results primarily from the creation of excitons involving the quinoid rings. This assignrnent is consistent with pump-intensity-dependent measurements that indicate that the magnitude of the 1.9-eV exciton (quinoid) bleaching peak scales linearly with pump intensity for 2.54-eV pumping, ' but sublinearly (I ' ) for 3.8-eV pumping (see Fig. 5 Fig. 6} varies as f ' to f . In pa'rticular, the 1.4-eV peak shows a stronger frequency dependence than that of the 0.9-eV peak, indicating that the 1.4-eV peak dominates the PA spectrum at long times, consistent with the long time PA spectrum of EB shown in Fig. 10 .
In the long time experiment, the 1.4-eV (11200 cm ') PA peak is present, while the 0.9-eV peak, seen in the near-steady-state experiment, is absent or is hidden under the long tail to the mid-ir region (Fig. 10) . The photoinduced IRAV modes are clearly present, but are much weaker than the 1.4-eV absorption. Both the 1.4-eV peak and the IRAV modes are very long lived, having been observed at times greater than 2 h after photoexcitation when the sample is held at -80 K. The PA spectra for 2.54-and 3.8-eV pumping are virtually identical apart from some minor difrerences in oscillator strengths and the region of crossover to photoinduced bleaching. Di6'erences in the higher energy crossover can be explained due to instrumental drift of the FTIR spectrometer in this very sensitive, short-wavelength region.
The photoinduced IRAV spectra of EB (Fig. 11) Fig. 12 indicate that this peak is the dominant one at long times.
The overall intensity of the PA spectrum of LB in the long time experiment is much smaller than that of EB.
In particular, the 1.4-eV peak is about 6 times weaker, whereas the photoinduced IRAV modes are -3 times weaker. Because EB contains -25% quinoid rings, the size of the 1.4-eV peak in LB is consistent with a six-fold decrease in the number of quinoid rings in our samples. A peak corresponding to the 0.75-eV peak in LB may also be present in EB (near 0.9 eV), but because of the dominance of the 1.4-eV peak it is not observed in the long time experiment.
The photoinduced IRAV spectrum of LB, shown in Fig. 13 Fig. 15(a) ]. Changes in the number of electrons along the polymer backbone result in new ring angles different from the ground-state configuration.
The removal of an electron from LB results in the formation of a hole polaron, P~+, described as a ringcentered distortion in which the center phenyl ring twists out of its ground-state configuration toward the plane formed by the nitrogens.
The distortion also causes neighboring rings to distort toward planarity and away from the ground-state angle; see Fig. 15(b) . The resulting configuration costs some steric energy, but the m. delocalization energy, which favors a planar ring conformation, increases.
Because of non-charge-conjungation symmetry in po- (Fig. 14) . Our results for the photoinducedabsorption spectrum of LB show two absorptions at -0.75 eV and -2. 8 eV that are consistent with this defect level scheme. Both of these absorptions have similar dependences on pump intensity (Fig. 8 ) and chopper frequency (Fig. 9) . The presence of the ring-rotational polaron Pz+ in LB will also cause changes in the infrared spectrum. Infrared absorption data of LB can be interpreted in terms of normal modes of para-disubstituted benzene. ' ' The Fig. 14.
The quinoid ring on the polymer backbone is expected to cause changes in the infrared spectrum that are similar to those caused by polarons, i.e. , new modes appearing at -1150 and -1600 cm '. For our LB samples, the concentration of quinoids is quite small so that very little ir activity is observed at these energies. However, as one allows oxidation of LB samples towards EB, new modes do appear. As noted above, there is a normal mode of the quinoid ring at -1600 cm ' that overlaps the brokensymmetry mode.
The quinoid site is expected to serve as an electron trap. ' Upon photoexcitation of electron-hole pairs, an electron removed from a benzenoid ring (excited by 3.8-eV pumping) could be captured by a quinoid ring. This trapped electron removes the "exciton" absorption level from the available density of states and, hence, bleaches that absorption band, consistent with our results. We label this quinoid-bound electron site as P&, shown schematically in Fig. 14 . The electronic transitions of the P& (Fig. 14) reflect the expected shift of the quinoid energy level upon occupation of an electron. Strong bleaching of the "exciton" transition, which overlaps the transitions of the P&, may make direct observation of the P& difficult. The P& also causes a change in the bond lengths of the quinoid ring, which is revealed as a PB peak at 1599 cm ' in the mid-ir PA spectrum of EB. In addition to the 1.4-eV peak in EB, Stafstrom et al. predict a 3.0-eV PA peak due to transitions from a lower-lying electronic band to the Pz& level.
The similar pump intensity dependence (Fig. 5) The negative polaron P~w ill be almost unobservable. The deep-trapped negatively charged quinoid P& will be expected to give rise to two photoinduced-absorption peaks near 2 eV, although the bleaching of the "exciton" absorption (X in Fig. 14) appears to dominate. The trapped state P~& will yield a new absorption near 1.4 eU.
(The second absorption at -2.2 eU is expected to be weak. ) In EB we expect that similar defects will be formed for 3.8-eV pumping, although for 2.5-eV pumping all defects except for the P~w ill be formed.
In Fig. 16 As mentioned above, the excitation and decay scheme for above-gap pumping of EB is expected to be very simlar to that of LB. We would, however, expect a larger population of P~&'s (and 
